Mechanical stimulus has been identified for a long time as a key player in the adaptation of the musculo-skeletal tissues to their function. Mechanical loading is then an intrinsic variable to be considered when new developments are proposed in bone tissue engineering. By combining structural biomechanics and mechanotransduction aspects, a new paradigm is presented for bone tissue engineering. It is proposed that in vivo mechanical loading be used to increased bone formation in the scaffold instead of pre-seeding the scaffold with cells or delivering growth factors. In this article, we demonstrated the feasibility of this approach and compared it to the classical tissue engineering strategy. In particular, we showed that bone formation could be increased in the scaffold that underwent mechanical loading during an in vivo study in rats. A model of bone formation was then proposed to translate the in vivo results into a possible clinical application where the loading of the scaffold would be transmitted by the sharing of the load between an implant and the bone scaffold.
Introduction
Although bone is known to adapt to its mechanical environment, different kinds of adaptation can be distinguished based on the timescale of their effect. The slowest adaptation process is observed with the size of the jaw during the evolution process of humankind ( Figure 1 ). One million years ago, the size of the Homo erectus jaw was significantly larger than the modern Homo sapiens jaw. We can certainly relate, at least to some extent, this adaptation process to the food quality, which has become softer over the years. The necessity of a powerful jaw then became less important, leading to a continuous decrease in the jaw size over many generations. On a much shorter timescale, throughout our life, the long bones of our skeleton change their mechanical properties from soft cartilage during the foetal period to stiff bone in the adult period, reflecting also the different mechanical constraints these tissues have to face during their development. Finally, on a short timescale, we can observe already after several months that bone adapts its mechanical properties to the presence of an orthopaedic implant, the so-called stress-shielding phenomenon (Huiskes et al. 1992) . All these different adaptation phenomena are interesting to study per se; however, if we want to capitalise on the adaptation process for a clinical application, obviously only the short timescale effect of the adaptation can be considered.
The bone adaptation to its mechanical environment has been extensively studied during ex vivo (Stadelmann et al. 2008) , or in vivo studies (Rubin and Lanyon 1985) allowing to define effective regimes of mechanically induced bone formation (Goodship et al. 2009 ). While the mode of action for bone adaptation is still being discussed -fluid flow transport phenomena and/or direct cell stimulation -the mechanosensitive properties of the cells have been widely demonstrated. Direct cell stimulation in the flow chamber has been a powerful approach to highlight the cell sensitivity to the mechanical stimulus (Frangos et al. 1985) and since has been further developed to shed some light on the processes by which cells can sense their mechanical environment (Genetos et al. 2005; Malone et al. 2007 ). Theoretical developments have also permitted to propose different possibilities of amplification for the sensory role of the cells to the mechanical environment either through coupling effects between fluid and cell deformation (Blecha et al. 2010) or through the deformation of tethering elements that attach the cell process to the canalicular wall (Han et al. 2004) .
Surprisingly, despite its central role in the optimal function of bone, adaptation to mechanical stimulation has been only rarely considered as a possible osteoinductor factor for in vivo bone tissue engineering applications (Duty et al. 2007; Boerckel et al. 2009; Roshan-Ghias et al. 2010) . Most of the knowledge gathered in mechanotransduction studies has mainly been translated in the development of bioreactor to produce in vitro artificial tissues, e.g. (Sikavitsas et al. 2003; McCoy et al. 2012) . Indeed for clinical applications, bone scaffolds are often facing load-bearing situations. Mechanical loading of the scaffold is then an intrinsic part of the clinical situation.
As described in a recent review, two aspects can be distinguished in the mechanical loading of the scaffold (Pioletti 2010) . First, the scaffold has to sustain its mechanical environment. Structural biomechanical analysis has then to be considered by computing the stress field in the scaffold. Second, the mechanical loading can be used to favour bone formation in the scaffold. Mechanotransduction aspects then need to be introduced. If correctly combined, these two aspects (structural biomechanics and mechanotransduction) could then transform the properties of a biomaterial from osteoconductive to osteoinductive ones.
Although the classical concept in tissue engineering relies on the three pillars (scaffold, cell and growth factor), an alternative paradigm could be proposed by considering the mechanical stimulus as a key part in tissue engineering.
In this article, we demonstrated the feasibility of this approach and compared it to the classical tissue engineering strategy.
Classical bone tissue engineering

Clinical applications
The function of the skeleton being mostly to mechanically support the body, it is then not surprising that scaffolds used for bone tissue engineering face load-bearing situations. For the sake of illustration, we focus our attention on the tibia, considering a tibial osteotomy and a revision of total knee implant for our targeted clinical applications ( Figure 2 ). In these two situations, the possible combination of structural biomechanics and mechanotransduction aspects can be exemplified for the development of an artificial bone scaffold. In particular, the classical schema for bone tissue engineering should consider structural biomechanics for the scaffold development (Figure 3(a) ).
Scaffold
The definition of the clinical applications allows us to define the corresponding mechanical and geometrical specification for the artificial bone scaffold. A structural biomechanical analysis could then be followed in order to define the mechanical parameters, such as elastic modulus, or strength and geometrical parameters, such as shape or size of the artificial scaffold. For the scaffold to be used for revision of total knee arthroplasty, based on the material properties of polylactic acid (PLA) scaffold presenting 80% porosity, the finite element method (FEM) analysis showed that failure (defined as calculated strain exceeding the experimental ultimate strain of the scaffold) was predicted only for scaffolds thinner than 5 mm ). In parallel, this kind of study also allows us to estimate that an elastic modulus of 50 -100 MPa would be enough for the tibial osteotomy application (Blecha et al. 2005) . Based on this information, a PLA-based scaffold reinforced by b-TCP particles of 5 wt% has been developed through a (solvent-free) super-critical CO 2 foaming technique (Mathieu et al. 2006) . In addition to the targeted mechanical properties, depending on the physical parameters used during the foaming process, the obtained scaffolds mimic the different natural morphologies of trabecular bone (Figure 4 ).
After being extensively tested through in vitro (Montjovent et al. 2005) and in vivo tests in rats (Montjovent et al. 2007 ), the developed scaffold was inserted in sheep distal femur and proximal tibia (van der Pol et al. 2010) . At 12 months, it was observed that new bone had invaded the scaffold, even reaching its centre ( Figure 5) . However, the bone ingrowth rate might be considered slow as after 4 months, only moderate bone formation was observed in the scaffold (bone volume BV/ total volume TV reaching 4%). From the in vivo evaluation in rat and sheep, it could be concluded that the developed scaffold presented osteoconductor properties.
Foetal cell therapy
As suggested in Figure 3(a) , the addition of cells might increase the bone formation rate in the scaffold. In our particular situation, we use human bone foetal cells obtained from a single organ donation as cell sources . We implanted the developed scaffold with or without foetal cells in rat condyles and observed a 100% increase in bone formation after 2 months when foetal cells are associated with the scaffold (Montjovent et al. 2008) . The presence of foetal cells allows the transformation of the developed scaffold from an osteoconductor material into an osteoinductor material. Obviously, this is a very positive result also obtained with other cell types as well, e.g. (Anselme et al. 1999; Stevens et al. 2005) . The use of cells for tissue engineering comes with a drawback. Indeed, the combination of a scaffold with cells drastically complicates the regulatory aspects. It is then a long and costly process to get an approval for this kind of product. An alternative strategy to transform the developed scaffold into an osteoinductive material could be proposed.
New paradigm in bone tissue engineering
Combining structural biomechanics and mechanotransduction aspects could be an elegant method of capitalising on the intrinsic load-bearing situation arising in bone tissue engineering applications (Figure 3(b) ). This combination has been formally described in the development of an artificial bone scaffold by optimising properties such as elastic modulus, permeability, Poisson coefficient and porosity to maximise the fluid exchange in the scaffold while keeping the flow induced-shear stress at an osteoinductor level (Blecha et al. 2009 ). The knowledge of the value of the mechanical stimulus is then central to obtain an increase in bone formation in the scaffold. This value shows the bone as being dependent in a non-linear way on the deformation values and number of daily loading cycles (Ozcivici et al. 2010) . For example, a mechanical stimulus of 1000 m1 applied a 100 times per day stimulated bone formation in turkey ulna.
The use of mechanical loading to increase bone formation in the scaffold has been proposed (Duty et al. 2007). In the study of Duty et al., the scaffolds were seeded with mesenchymal stromal cells prior to implantation, and the loading was percutaneously applied rendering a very difficult translation to a clinical application. We have recently proposed to apply a mechanical stimulus to an implanted scaffold in a less invasive way and without any pre-seeding of cells. The scaffolds were inserted in rat condyle, and the knee was stimulated using a compression machine previously developed (Stadelmann et al. 2008) (Figure 6 ). The right leg of each animal was loaded and left leg was kept unloaded as control. To determine a loading regime that would induce bone formation in the relationship presented in Ozcivici et al. (2010) , a finite element model of the in vivo loading was developed (Roshan-Ghias et al. 2010) . The theoretically determined mechanically induced bone formation corresponded to a 10 N loading at 4 Hz for 5 min. To not excessively disturb the rat, this loading regime was applied every 2 days during 10 days starting 14 days after the implantation of the scaffold. Interestingly, the 10 N loading resulted in strains of approximately 620 m1, which is close to the strains induced in the human tibia while walking (Burr et al. 1996) .
To follow the effect of the mechanical stimulus on the inserted scaffolds, a longitudinal mCT study was performed to evaluate the bone formation (bone volume over total volume, BV/TV) between the specifically loaded and non-loaded scaffolds. The animals were scanned seven times at regular intervals until 250 days post-implantation. The positive effect of the mechanical stimulation on the bone formation in the scaffold was clearly established (Figure 7) . Indeed, by using a recently developed dynamical histomorphometry analysis (Schulte et al. 2011 ), the mechanical stimulus was shown to favour bone formation, while decreasing bone resorption over time in the scaffold .
The obtained in vivo results allow us to conclude that the use of an appropriate mechanical stimulus can transform the scaffold from an osteoconductor material into an osteoinductor material. In the context of tissue engineering, we could then propose a new paradigm by replacing the use of cells and growth factors with mechanical stimulus when the latter can be controlled in specific clinical applications. This new paradigm presents the advantage of easing the aspects of regulatory affairs and may also induce an optimised bone formation with respect to the mechanical performances the scaffold has to fulfil.
Translation of biomechanical stimulation into a clinical tissue engineering application
To benefit from the new proposed paradigm, we have to define clinical applications where the mechanical stimulus can be controlled. Revision of total knee arthroplasty could be a possible application.
To translate results obtained with a rat condyle study into useable information for a revision of total knee arthroplasty situation, a model of bone formation using a scaffold would be of great help. There are two different approaches to model the bone formation in a scaffold. The first one is to describe the different processes involved in the bone formation from cell migration, cell differentiation, extracellular matrix production and mineralisation to name only a few. This approach allowed, for example, to evaluate the effect of pre-seeding cells in the scaffold on tissue formation (Checa and Prendergast 2010) . New hypothesis or knowledge in tissue formation can be generated with these kinds of models. However, these models are difficult to use for prediction of bone formation in particular situations as they necessitate many parameters usually difficult to identify with an experimental data. A second approach to describe bone formation in scaffold is through a phenomenological model. In this approach, no information is provided on the processes of how bone is formed in a scaffold, only the predictive capacity of the model to anticipate bone formation is targeted. Phenomenological models used a minimal number of parameters. A phenomenological description has been proposed by observing that bone formation followed a diffusion phenomenon in scaffolds (RoshanGhias et al. 2011) . A corresponding diffusion model was developed and allowed to catch the in vivo spatial and temporal evolution of bone formation in scaffold. The degradation of the scaffold was supposed to be slow enough so that a transfer of the mechanical load could be obtained from the scaffold to the newly formed bone. The prediction capability of the model was validated with different published experimental data. Two sets of parameters appearing in the diffusion model could be identified with the in vivo bone formation data of the rat condyle. The first set was obtained for the non-loaded situation of the scaffold and the second set corresponded to the loaded situation. By assuming that these two sets of parameters obtained with rat data could be used to predict bone formation in scaffold implanted in human bone, a prediction of bone formation in scaffold used in revision of total knee arthroplasty was calculated for two situations: a loaded scaffold and a non-loaded scaffold, using the corresponding two sets of identified parameters of the diffusion model. The loaded scaffold corresponded to a situation where a load sharing is obtained between the tibial implant and the scaffold placed below. A finite element model of a total knee arthroplasty revision ( Figure  2 ) was developed and combined with the diffusion model of bone formation in scaffold (Roshan Ghias et al. in press) . At 24 months, a 300% increase in the mechanical properties induced by a corresponding increase in bone formation in the scaffold was predicted when mechanical loading was applied. These results demonstrated the potential of using biomechanical stimulus for bone tissue engineering applications.
Obviously, more experimental data would be necessary to confirm the feasibility of using mechanical loading as an osteoinductor factor in scaffolds for clinical applications. In particular, it would be important to precisely determine the amount of load needed to be transmitted by the implant to the scaffold. In parallel, we could also imagine to have loads applied on the scaffold during controlled exercises performed during physiotherapy sessions post-surgery.
Conclusions
The actual paradigm in tissue engineering is to combine a scaffold with cells and/or growth factors. This strategy, while demonstrating its pertinence in multiple in vivo studies, hardly leads to clinical applications as recently reviewed specifically for scaffold used in bone tissue engineering applications (Hollister and Murphy 2011) . In parallel, the importance of mechanical stimulation on the behaviour of biomaterials has been identified since several years. For example, the absence of mechanical loading has been shown to affect the osteoconduction of the wellaccepted biomaterials such as calcium phosphate granules (Handschel et al. 2002) . The combination of scaffold and in vivo controlled mechanical stimulation could then represent a complementary strategy to the classical tissue engineering paradigm.
